The effect of early age shrinkage on the diagonal cracking strength of reinforced high-strength concrete beams is investigated, using thirty two reinforced concrete beams with a distance from the compressive fiber to the centroid of the reinforcing bars (effective depth) of 250 mm, 500 mm and 1000 mm, made of conventional high-shrinkage and low-shrinkage high-strength concretes with a water-to-binder ratio of 0.23. The loading test results show that the shear strength at diagonal cracking of reinforced conventional high-shrinkage high-strength concrete beams is 5% to 18% lower depending on the effective depth compared with that of reinforced low-shrinkage high-strength concrete beams, and the dependence of diagonal cracking strength on the effective depth is apparently different between both. The ultimate shear strength of the former is also 23% to 45% smaller than that of the latter on average. Moreover, a new concept based on the equivalent tension reinforcement ratio for the evaluation of the shrinkage effect on the shear strength at diagonal cracking, consisting of a tension reinforcement ratio modified taking into consideration the effect of the tension reinforcement strain produced by deformation of concrete at early ages, is proposed. This concept shows succesfully the linear relationship between the shear strength at diagonal cracking and the effective depth to -2/5 power independent of the magnitude of the early age deformation of concrete, and a design equation for the shear strength at diagonal cracking applicable to concrete compressive strengths from 90 to 130 N/mm 2 is proposed.
Introduction
High-strength concrete (HSC) is being increasingly applied because it enables a decrease in cross-sectional area while enhancing the durability of concrete structures. Nowadays, the target compressive strength of concrete exceeds easily 100N/mm 2 . HSC is characterized by very high strength, significantly large shrinkage due to self-desiccation at early ages, and brittleness at failure. Therefore, many studies have been performed in the last two decades on the early age shrinkage and the mechanical behavior of plain, reinforced, and prestressed concrete, for which control of early age shrinkage and shear strength evaluation are matters of concern.
Control of cracking for HSC members is of relatively greater importance compared with that for normal strength concrete (NSC) members, because HSC is expected to be much more durable than NSC. It is well known that autogenous shrinkage develops significantly in high-strength concrete, and produces marked tensile stress in reinforced concrete members, resulting in higher risk of early age cracking (Paillere et al. 1989 , Tazawa et al. 1992a , Schrage et al. 1992 , Tazawa et al. 1994 , Tsutsui et al. 1996 , Sato et al.1997 . Accordingly, studies have been carried out actively on how to control autogenous shrinkage. According to previous studies, utilization of low-heat Portland cement containing a large amount of belite, admixtures like expansive additive and shrinkage reducing agent, and internal curing are effective in reducing early age shrinkage and shrinkage stress (Tazawa et al. 1992b , Tazawa et al. 1995 , Takeuchi et al. 1997 , Kameta et al. 2000 , Tanimura et al. 2000 , Bentur et al. 2001 ,Jensen et al. 2001 , Tanimura et al. 2002a , Kovler 2004 .
However, few studies on the effect of early age deformation in concrete on the structural response of reinforced concrete have been performed, except for research by the authors (Hayakawa et al. 2000 , Ito et al. 2001 . The authors showed that reducing autogenous shrinkage is effective for controlling the flexural crack width and flexural deformation of reinforced HSC members even though no cracks develop before loading, and proposed a concept for the evaluation of these aspects (Tanimura et al. 2001 , Tanimura et al. 2002b , Sato et al. 2006 , Tanimura et al. 2007 .
On the other hand, studies have been conducted since the 1980s on the shear strength of reinforced HSC beams with concrete strength of over 60 N/mm 2 in compression (Mphonde et al. 1984 , Ahmad et al. 1984 , Elzanaty et al. 1984 , Matsui, Y. et al. 1995 , Shimono, K. et al. 1998 , Shimono, K. et al. 1999 , Pendyala et al. 2000 , Tsuchiya et al. 2002 . In almost all of these studies, the shear strength at diagonal cracking is discussed by comparing the experimental results with the calculated results using the design code equations at the time. Recently, design equations for the shear strength of reinforced HSC beams without shear reinforcement formulated mechanically and/or empirically based on test results, have been proposed by Zink (2000) , Fujita et al. (2002) , and Suzuki et al. (2003) . However, none of these equations are discussed from the point of view of the shrinkage effect. Therefore, as a result, these equations give the results implicitly including the shrinkage effect.
The shear strength of reinforced concrete (RC) beam without shear reinforcement failed in diagonal tension is generally assumed to be equal to the diagonal cracking strength in design. The tension reinforcement ratio is one of the major factors of design equations for predicting shear strength at diagonal cracking as are provided in the ACI building code (2002), Eurocode 2 (BSi 1992), JSCE standard specifications (2002) , and so on. Autogenous shrinkage of concrete developed in reinforced concrete members compresses reinforcing bars (RB), and the compression strain in RB is released at cracking. The strain change in tension RB of reinforced concrete members made of conventional high-autogenous-shrinkage high-strength concrete (HAS) before and after loading is larger than that of low-autogenous-shrinkage highstrength concrete (LAS) (Tanimura et al. 2001) . This fact should mean that the tension reinforcement ratio of reinforced HAS members is functionally equivalent to the decrease of the tension reinforcement ratio, and the widths of both flexural and shear cracks are larger compared with those of reinforced LAS members. Therefore, reducing early age deformation of concrete may improve the shear strength at diagonal cracking and, if this is indeed the case, previously proposed equations for reinforced HAS beams underestimate the shear strength of reinforced LAS beams.
In the present study, the effects of not only early age deformation of concrete but also distance from the compressive fiber to the centroid of reinforcing bars (effective depth) on the diagonal cracking strength are mainly investigated experimentally, using thirty two reinforced concrete beams made of conventional high-shrinkage and low-shrinkage high-strength concretes. Based on the results, the dependences of the shear strength at diagonal cracking of reinforced concrete beams on the early age deformation of concrete as well as the size of reinforced concrete beams are discussed. Furthermore, a new design equation is proposed for the generalized evaluation of shear diagonal cracking strength and size effect law of reinforced HSC beams independent of the effect of early age deformation, which is formulated based on a concept of "equivalent tension reinforcement ratio" taking into account the strain change of tension RB strain before and after loading due to early age deformation. Table 1 lists cements and admixtures used in the present study and Table 2 lists the properties of fine and coarse aggregates. Table 3 indicates the mixture proportions of the concretes. Low-shrinkage high-strength concrete (LAS) is made of low-heat Portland cement (LPC), ettringite based (EX(E)) or lime based (EX(L)) expansive additives, shrinkage reducing agent (SRA) and high water reducing agent (SP). Conventional high-shrinkage high-strength concrete (HAS) made of ordinary Portland cement (OPC) and SP was also used in order to investigate the shrinkage effect on the shear response of RC beams, whose water-to-binder ratio (W/B) is 0.23. The same table also lists the mixture proportions of conventional high-shrinkage high-strength concrete used in the study performed by Fujita et al. (Fujita et al. 2002) .
Experimental program

Materials and mixture proportions
The mechanical properties of reinforcing bars (RB) Table 4 . High-strength deformed steel bars are used to induce shear failure in comparatively lightly reinforced concrete beams.
Specimens
As tabulated in Table 5 , thirty two RC beams with effective depths of 250, 500 and 1000 mm, height of 300 to 1130 mm, width of 150 to 300 mm, and length of 2300 to 7500 mm were prepared. One half were made of HAS and the other half of LAS. Two or three RC beams were made with the same effective depth and concrete except for SeriesⅡ. The dimensions and configuration of RC beams of each series are shown in Fig. 1(a)-(h) . Tension reinforcement ratios p s defined as A s /(bd) are 1.53-3.39%, where A s , b and d denote the total cross-sectional area of tension RB, the width and the effective depth of RC beams. All the beams were designed to fail in shear. To reduce friction between the concrete and wood form, a teflon sheet of 0.5 mm thickness or two polyester films of 0.1 mm thickness with grease between the two films were stuck on the bottom of the form, two polyester films of 0.1 mm thickness with grease between the two films were stuck on the lateral sides of the form and polystyrene boards of 2 mm thickness were also placed on the both end sides of the form.
Fourteen plain concrete specimens made of HAS and LAS having the same cross sections as those of RC beams and a length of 500 mm for Series I and Series Ⅱ, and a length of 1000 mm for Series III to V, respectively, were also prepared to measure the free deformation of concrete. A typical example of specimens is shown in Fig.  2 . The friction between the concrete and wood form was reduced in the same way as for RC beams.
All the specimens, including cylinder specimens with 100 200 φ × mm for compression strength and Young's modulus test, and 150 200 φ × mm for splitting tensile strength test, were cured in forms whose top surfaces were sealed with polyester films and wet mat, up to the loading test ages, to exclude the drying effect. 
Loading and measurements
All of RC beams were loaded symmetrically with two concentrated loads, as shown in Fig. 1 . The shear span length to effective depth ratio (a/d) was fixed to 3.0. Deflection at the center section of the RC beam was measured by displacement transducers with a capacity of 10 mm to 100 mm and minimum graduations of 0.001 mm to 0.02 mm. Shear displacement was measured in shear span by displacement transducers installed at the positions shown in Fig. 1 , These displacement transducers had a capacity of 25 mm to 50 mm and minimum graduations of 0.002 mm to 0.005 mm in the diagonal tension direction, and 10 mm to 25 mm and 0.001 mm to 0.002 mm in diagonal compression directions, respectively. Vertical and horizontal displacements were measured by the same types of transducers with a capacity of 10 mm to 50 mm and 10 mm, with minimum graduations of 0.001 mm to 0.005 mm and 0.001 mm. Displacement transducers for measurement of shear, vertical and horizontal displacements were installed on stainless steel beams with a L-shaped section. The details of installation of the displacement transducer are illus-(Cross section) (Side view) Fig. 2 Example of measurement of early age deformation of a specimen without reinforcement (unit: mm). Table 5 Outline of reinforced high-strength concrete beams.
Series
Name of specimens The free deformation of concrete with time was also measured just after concrete placement with a strain gauge, which had a reference length of 100 mm and an elastic modulus of 40 N/mm 2 , embedded at the middle height of the center section of the specimen in the transverse direction for Series Ⅳ and Series Ⅴ to avoid the effect of internally restrained stress developed in concrete due to hydration heat induced temperature distributed nonlinearly in the vertical direction. The temperatures were measured by thermocouples embedded at the same height as the embedded gauge. The expansion/shrinkage strain of concrete was determined by subtracting thermal strain from measured strain, in which the coefficient of thermal expansion of concrete was assumed to be 6 10 10 / C − ×
. A fracture energy test for concrete was carried out at almost the same age as the loading test for RC beams in accordance with test method of JCI (2001).
Results and discussion
Properties of concrete
The compressive strength, splitting tensile strength, Young's modulus, fracture energy and expansion/shrinkage strain in concrete at the age of the loading test for RC beams are tabulated in Table This figure shows that LAS is effective in reducing autogenous shrinkage and its induced strain in reinforcement, and all strains in reinforcement of LAS beams are almost the same, while there are noticeable differences among non-restrained LAS specimens. This discrepancy could be explained by appropriate modeling for Young's modulus development with time and creep coefficient depending on age at loading of concrete (Ito et al. 2004) , because non-stress related strain is included in the measurement of free strain before setting.
Effect of early age concrete deformation on deformation and shear strength of RC beams
The comparison between reinforced LAS and HAS beams with effective depths of 250, 500 and 1000 mm for cracking patterns before diagonal cracking and after failure is illustrated in Fig. 4 . According to this figure, flexural and flexural-shear cracks develop to a greater extent in HAS beams than in LAS beams before critical diagonal cracking. After failure, it is found that the primary shear crack produced in a large scaled HAS beam propagates toward the loading point, while the primary crack in a companion LAS beam propagates below the loading point. This difference between the two cases corresponds to the difference of neutral axis depth between HAS and LAS beams shown later in Fig. 10 and can be explained by flexural cracks propagated deeply due to the shrinkage effect, considering that flexural crack width in HAS is clearly larger than in LAS beams (Tanimura et al. 2002) . Figure 6 shows the comparison between all reinforced LAS and HAS beams for the load-deflection relationship, which is colored gray for LAS beams and black for HAS beams. The circular marks denote initial and primary diagonal cracking. This figure shows that deflections of LAS beams are obviously smaller than those of HAS beams up to the diagonal cracking, and that LAS beams tend to crack diagonally at higher load and fail in shear compression after forming an arch mechanism, compared with HAS beams.
Estimation of diagonal cracking strength is the major target of the present study and exact determination is not necessarily easy from observation and the load-deflection relationship (Elzanaty et al. 1984) , especially in the case of failure in shear compression, while it is not so difficult when the clear drop of load is measured in the load-deflection relationship. Therefore, the diagonal cracking strength was determined from observation and the load-deflection relationship for RC beams in I and II , not based only on observation and the load-deflection relationship but also on the shear force-shear displacement relationship and/or shear force-vertical opening of the diagonal crack relationship on the failure and non-failure sides for RC beams in III-V. Figure 7 (a)-(d) shows a typical example of the determination of diagonal cracking strength by using the shear force-shear displacement and vertical opening relationships for RC beams with the effective depth of 1000 mm. The shear strength at shear cracking was adopted even on the non-failure side as diagonal cracking if the increases in shear displacement and vertical opening of shear cracks just after shear cracking are remarkable, even though the shear strength is smaller than that on failure side. Table 6 Mechanical properties of concrete.
At the age of loading
At the age of 28 days (cured in 20℃ water after 1 day age) Series Name of specimens 
(Non-failure side) (Failure side) (b) Just after failure Fig. 4 Examples of the effect of early age deformation on crack patterns (unit: mm). In case of V-HAS100-A, the diagonal cracking strength was determined to be 254 kN on the failure side at which a sudden increase in shear displacement and vertical opening together with obvious increase of deflection, as shown in expanded Fig. 7(e) , were measured, though the shear cracking force on the non-failure side was smaller than that on the failure side, because the shear displacement and vertical opening did not increase critically on the non-failure side. It was found on the failure side in V-HAS100-B that the deflection hardly increased at 220 kN, though the shear displacement increased at the same shear force with a slight increase in applied shear force. On the other hand, marked increases without shear force increase were measured at the shear force of 240 kN in shear displacement and vertical opening of shear crack on the non-failure side. Based on comparison between both sides, 240 kN was adopted as the diagonal cracking strength. The diagonal cracking U-100-3-C ---0.80 -0.80 Diagonal tension ε s,def : Tension reinforcement strain induced by early age deformation σ c,def : Stress in concrete at the bottom of RC beams induced by early age deformation (+: tension, -: compression) V c : Shear force at diagonal cracking, τ c : Shear strength at diagonal cracking {τ c } LAS,av : Averaged shear strength at diagonal cracking of low shrinkage-high strength(LAS) beams V u : Ultimate shear force, τ u : Ultimate shear strength, , {τ u } LAS,av : Averaged ultimate shear strength of LAS beams * : Shear compression failure after yielding of tension reinforcement strength of LAS beams that failed after forming an arch mechanism is difficult to be observed in the load-deflection relationship. However, sudden increases in both shear displacement and vertical opening were measured at shear forces of 296 kN for Ⅴ-LAS100-A and 311 kN for Ⅴ-LAS100-B on the failure side, which were smaller than those on the non-failure side. The shear force of 296 kN and 311 kN were determined as diagonal cracking strengths of Ⅴ-LAS100-A and -B, respectively.
The shear cracking strength, maximum shear strength and failure mode of all RC beams obtained by loading test are listed in Table 7 , which also lists the strain in RB and stress in concrete at the bottom of RC beams before loading induced by early age deformation. The diagonal cracking and ultimate shear strength ratios of each HAS beam are obtained by dividing each strength of the HAS beam by the corresponding averaged strength of tow or three companion LAS beams in the table. It is noted that the difference of RB strains between HAS beams and LAS beams exceeds 200×10
-6 in almost all beams with tension reinforcement ratios from 1.53% to 3.39%. The stress in concrete is calculated by using measured strain in RB based on the following equation: The mode of shear failure without noticeable increase of shear force and with a few cycles of slight drop and increase of shear force after diagonal tension cracking is designated as a diagonal tension failure in the table. All LAS beams in Series Ⅲ failed in shear compression after yielding of tension reinforcement. The shear cracking strength and ultimate shear strength ratios of sixteen HAS beams to those of corresponding LAS beams with an effective depth of 230 mm to 250 mm, 500mm, and 1000 mm, with a 5% difference in compressive strength on average between HAS and LAS, are shown in Fig. 8 . This result shows that the averaged shear strength at diagonal cracking of HAS beams was lowered by 5%, 12% and 18% for d = 230 mm to 250 mm, 500 mm and 1000 mm in comparison with LAS beams. The difference of averaged ultimate shear strength between HAS and LAS beams is much more significant, and the strengths of the former is 23%, 27% and 45% lower for d = 230 mm to 250 mm, 500 mm and 1000 mm than those of the latter.
The difference in diagonal cracking strength between HAS and LAS beams could be explained by differences in cracking strength, crack width, neutral axis depth and shear deformation, as follows. It has been already made clear that early age shrinkage causes lower flexural cracking strength and widening of flexural crack width (Tanimura, 2001 ). The shear resistance by dowel action of tension RB as well as that by interlocking action through a crack decreases as the crack width becomes wider, while the latter in a reinforced HSC beam is smaller than in a reinforced NSC beam. Wider crack width resulting from lower cracking load, as is typically seen in beams with d = 1000 mm illustrated in of compression concrete. Figure 9 presents an example of the relationship between shear force and the maximum width of flexural crack developing to flexural-shear crack in the three measurement zones shown in Fig. 4 . The last digit (in parentheses) of the specimen names in the legend in Fig. 9 denotes the location of the displacement transducer. As shown in this figure, the maximum crack widths of HAS beams develop at a shear force lower than that of LAS beams, and increase markedly just after cracking and then reach those at diagonal cracking, which are at approximately 0.2 mm to 0.3 mm, irrespective of the difference of concrete except for V-LAS100-A. In the case of V-LAS100-A, the flexural crack may have developed into a flexural-shear crack. Figure 10 shows an example of comparison between HAS and LAS beams for relationship between the neutral axis depth averaged through the measured zone length of 1000 mm and shear force, which is obtained by upper and lower horizontal displacement (see Fig. 1 ).
This figure shows that reducing autogenous shrinkage contributes to thickening the concrete compression zone resulting from a larger cracking load, smaller strain change in tension RB before and after loading, and the tension softening effect of concrete controlling the propagation of flexural crack, while this neutral axis depth, as described above, is an averaged one and does not necessarily mean the dominant one. Furthermore, as shown in Fig. 7(a) and (c), shear displacement up to diagonal cracking in HAS beams is remarkably larger than in LAS beams. Larger shear displacement involving a decrease in shear resistance by dowel action of tension RB and aggregate interlock as well as shallower neutral axis depth should result in lowering the shear strength at diagonal cracking or diagonal tension failure. In general, the size effect on diagonal cracking strength has been explained by localization of the crack. shear strength between two beams in Series V on loading and supporting sides from the point of view of the size effect. According to this figure, the diagonal cracking strength and energy absorption per unit volume of beams failed in diagonal tension become smaller macroscopically independent of the type of concrete as the effective depth increases, which means that the dependence of the diagonal cracking strength on the effective depth is due to the localization of cracks.
A new generalized equation for shear strength at diagonal cracking
Based on Eq. (3) proposed for RC beams made of normal strength concrete by Niwa et al. (1986) , Fujita et al. (2002) and Suzuki et al. (2003) proposed the following empirical equations (4) and (5) for the diagonal cracking strength of reinforced HSC beams, respectively. The applicability of Eq. (4) is verified for the compressive strength of concrete from 80 N/mm 2 to 125 N/mm 2 and effective depth from 250 mm to 1000 mm, and that of Eq. (5) for the compressive strength of concrete from 60 N/mm 2 to 130 N/mm 2 and the effective depth from 150 mm to 1200 mm, respectively. On the other hand, before these proposals, Zink (2000) also proposed Eq. (6) derived mechanically and empirically, whose applicability ranges are 20 N/mm 2 to 111 N/mm 2 , 0.143 N/mm for ultra-high-strength concrete (Bunje et al. 2004 ) and 150 mm to 3000 mm for the compressive strength, fracture energy of concrete and effective depth, respectively. .
where a d : Maximum aggregate size, 0 λ : Empirical constant.
However, it is difficult to apply Eq. (7) to reinforced HSC beams, because of the difference of fracture process zone between HSC and NSC due to the fracture of coarse aggregate in HSC.
On the other hand, Gustafsonn and Hillerborg ( Assuming that this linear relation is applicable to reinforced HSC beams, Eq. (4) was formulated based on the following Eqs. (8), (9) and (10) ( )
where c τ * is given by the following equation normalized by the terms of tension reinforcement ratio and shear span length to effective depth ratio, which are the common terms in Eqs. (3), (4) and (5). 
A comparison of Eq. (3) with Eqs. (4) and (5) shows that the size effect on the shear strength of reinforced HSC beams is noticeably sensitive compared with that of reinforced normal strength concrete beams, although the size effect of Eq. (3) is the same as that of Eq. (6). However, it should be noted that Eqs. (4), (5) and (6) include implicitly the autogenous shrinkage effect at early ages.
Equations (3) to (6) contain the tension reinforcement ratio as one of three major factors, namely, tension reinforcement ratio, concrete strength and effective depth, while the effect of the tension reinforcement ratio is evaluated in the height of the flexural compression zone in Eq. (6) and the effect of concrete strength is neglected in Eq. (5).
It has been already mentioned above that compression strain in tension RB introduced by autogenous shrinkage is released by cracking and strain change in tension bars before and after the load is larger in the HAS beam than in the LAS beam. Figure 12 shows the typical relationships between shear force and tension reinforcement strain for beams with effective depths of 500 mm and 1000 mm, measured at the center of shear span. According to this figure, strain change in the reinforcement of HAS beams is obviously larger than that of LAS beams up to diagonal cracking under the same magnitude of shear force and, as is expected, diagonal cracking occurs when reinforcement strains reach those calculated by flexural theory neglecting concrete tension without the case of LAS beams with effective depth of 1000 mm. In the case of the largest LAS beams, reinforcement strain was not successfully measured in relation to diagonal cracking, because the critical flexural-shear cracking should develop at a location different from that of reinforcement strain measurement. Considering that flexural theory becomes inapplicable as soon as a diagonal crack develops, strain change in tension reinforcement increased by early age shrinkage resulting in wider crack width is substantially or functionally equivalent to the decrease of tension reinforcement ratio, a concept shown in Fig. 13 . Therefore, the equivalent tension reinforcement ratio is given by the following equation, incorporating the strain change in tension reinforcement from the condition where concrete stress at -500 0 500 1000 1500 0 normalized shear strength given by Eq. (10) and the effective depth obtained from HAS and LAS beams in Series Ⅴ, in which experimentally obtained diagonal cracking strength as well as tension reinforcement ratios used the nominal cross-sectional area of reinforcement are applied for the evaluation of normalized shear strength, and the regression curves obtained by the method of least squares are also drawn for both types of RC beams. The reason why only RC beams in Series Ⅴ are adopted is to exclude condition differences as much as possible without the type of cementitious materials, and enhance the reliability of evaluation for the shrinkage effect on diagonal cracking strength and its size effect, in which HAS and LAS are placed at the same days. According to this figure, the size effect is apparently different between HAS and LAS beams depending on early age deformation, and the powers of the effective depth for HAS and LAS beams are -1/2.04 and -1/2.59, respectively. The apparent power of the effective depth obtained from the present experiment for HAS beams is close to that of Eq. (4) Fig. 15(b) , the normalized shear strength given by Eq. (12) follows approximately the effective depth to -2/5 power independent of early age deformation, in which measured bending moment at the section 1.5d distant from the loading section at diagonal cracking as well as measured shrinkage induced strain in tension RB are used; Fig. 16 . Good applicability of the effective depth to -2/5 power is found from the figure for all beams, where the shear strength normalized by using the equivalent tension reinforcement ratio is estimated for the test results obtained by Fujita et al., (6) and that in the present experiment. On the other hand, the proposed method shows the highest prediction accuracy, the smallest standard deviation and the highest correlation coefficient for the present experiment independent of the early age deformation, compared with the results of other researchers. The section location for discussing critical flexural-shear cracking is not easy to determine exactly, while the shear strength calculated by the current design code equation is independent of the location. However, the location must be determined in the present equation, because the equivalent tension reinforcement ratio is determined by both the early age shrinkage effect and the applied bending moment induced strain in tension reinforcement at diagonal cracking. Therefore, the location 1.5d distant from the loading section was assumed as a critical section based on the crack patterns in the present study and the sensitivity of the difference in section location was verified. Figure 19 shows the diagonal cracking strength at 1.0d and 2.0d to that of 1.5d. As shown in this figure, the shear strengths are estimated larger and smaller in the cases of 1.0d and 2.0d, whose limits are +5 and -8%, respectively. The reason why the shear strength of HAS beams deteriorates as the critical section becomes distant from the loading section can be explained by the effect of early age shrinkage becoming relatively dominant as the reinforcement strain produced by bending moment becomes small. In the case of LAS beams, no variation of the shear strength depending on the critical section location is found.
Finally, the equivalent tension reinforcement ratio of all beams calculated by Eq. (14), depending on early age shrinkage for each section location of critical flexural-shear crack is shown in Fig. 20 . It could be said from this result that the use of conventional high-shrinkage high-strength concrete is equivalent to a more than 30% decrease in the reinforcement ratio from the viewpoint of the performance of diagonal cracking strength if the critical flexural-shear crack develops at the section 1.5d distant from the loading section.
Conclusions and recommendations
The following conclusions and recommendations are drawn within the limits of the present study.
(1) The early age shrinkage caused the deterioration of shear strength at diagonal cracking of reinforced high-strength concrete beams by 5%, 10% and 18% for the effective depth of 230 mm to 250 mm, 500 mm, and 1000 mm, respectively, in the comparison of sixteen reinforced high-shrinkage and the same number of reinforced low-shrinkage high-strength concrete beams (HAS beams, LAS beams). (2) HAS beams tended to fail in shear tension, while LAS beams tended to fail in shear compression, resulting in a remarkable difference of ultimate shear strength between HAS and LAS beams. The former was 23%, 27% and 45% on average for the effective depth of 230 mm to 250 mm, 500 mm, and 1000 mm smaller than those of the latter, respectively. (3) Early age shrinkage decreases the flexural cracking load followed by widening flexural crack width as well as the thickness of concrete compression zone, and deteriorates shear stiffness up to diagonal cracking at least in case of beam with effective depth of 1000 mm, which may have resulted in lowering the diagonal cracking strength. independent of the effect of early age deformation, which could be explained by the localization of cracks. (5) The size effect on the diagonally cracking strength followed the effective depth to -1/2.07 and -1/2.67 powers for HAS beams and LAS beams prepared in the present study, respectively. (6) A new generalized design equation independent of the magnitude of early age deformation was proposed by applying the concept of the equivalent tension reinforcement ratio based on the strain change in tension reinforcement from the condition where concrete stress at the same depth as the tension RB is zero to that at shear cracking. The size effect on the diagonally cracking strength was succcessfully explained by the proposed equation, which followed approximately the effective depth to -2/5 power. (7) The proposed equation was verified by comparing thirty-two results obtained by the present experiment and nine results by a previous study with calculated results, which showed satisfactory accuracy of the proposed equation with the applicability limit of concrete compressive strength of 90 N/mm 2 to 130 N/mm 2 , effective depth of 250 mm to 1000 mm, and tension reinforcement ratio of 1.36% to 3.39%, respectively. (8) The applicability of the present equation must be verified through comparison with much more data.
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